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Quantum mechanics postulates that measuring the qubit’s wave function results in its collapse,
with the recorded discrete outcome designating the particular eigenstate the qubit collapsed into.
We show this picture breaks down when the qubit is strongly driven during measurement. More
specifically, for a fast evolving qubit the measurement returns the time-averaged expectation value of
the measurement operator, erasing information about the initial state of the qubit, while completely
suppressing the measurement back-action. We call this regime “quantum rifling”, as the fast spinning
of the Bloch vector protects it from deflection into either of its two eigenstates. We study this
phenomenon with two superconducting qubits coupled to the same probe field and demonstrate
that quantum rifling allows us to measure either one of the two qubits on demand while protecting
the state of the other from measurement back-action. Our results allow for the implementation of
selective read out multiplexing of several qubits, contributing to efficient scaling up of quantum
processors for future quantum technologies.
The Stern-Gerlach experiment, originally conducted to
demonstrate quantization in atomic-scale systems,1 is the
prototypical example of a quantum measurement with a
linear detector: an electron (or qubit) flying through a
magnetic field is deflected from its straight path either
up or down, with probabilities dependent on the qubit’s
initial state (see Figure 1a). The measurement projects
the state of the qubit onto either of its two eigenstates,
resulting in two possible values for the spin: ±~/2.
This picture becomes more interesting when the qubit
is externally driven with Rabi frequency ΩR during the
measurement, leading to competition between the state
evolution and the measurement projection. Such a sce-
nario has been thoroughly studied both theoretically2–4
and experimentally5,6 in the strong measurement regime
ΩR  Γm, where Γm is the measurement rate at which
information is extracted from the qubit. This regime
is commonly described by the Quantum Zeno effect:7 a
strong quantum measurement freezes the qubit’s state,
with occasional transitions occurring as sudden quantum
jumps8–11 with rate ∝ Ω2R/Γm.
The regime of strong driving ΩR  Γm, referred to as
the sub-Zeno limit, has attracted attention in the context
of continuous weak measurements.12 When the probe’s
bandwidth δω exceeds the Rabi frequency, ΩR < δω,
signatures of coherent Rabi oscillations appear in the de-
tector signal.13–16 It has been shown that the back-action
introduced by the measurement imposes a fundamental
limit on the detection of oscillations and can be used to
determine the quantum efficiency of the detector,14,17,18
or even to test the Leggett-Garg inequality.19,20 The oppo-
site limit ΩR > δω, where the Rabi frequency exceeds the
bandwidth, is suitably described by the average Hamil-
tonian theory.21 This regime however, has not yet been
investigated in the context of continuous qubit measure-
ment neither theoretically nor experimentally.
In this Letter, we study the measurement of a con-
tinuously driven qubit in the regime where the Rabi
frequency dominates all the other relevant parameters:
ΩR  Γm, δω. First, we show that when the probe’s
bandwidth is not sufficient to follow the qubit’s state,
the probe signal reveals only the expectation value of the
time-averaged measurement operator 〈σz(t)〉 = 0, lead-
ing to the erasure of any information contained in the
probe about the state of the qubit and thus canceling the
measurement back-action on the qubit. In the language
of the Stern-Gerlach experiment, the fast rotation of the
spin allows the electron to fly through the measurement
apparatus in a straight line without experiencing a force.
Thus we call this effect quantum rifling, in analogy to the
rifling of bullets, which stabilizes the trajectory of the
projectile (see Figure 1b). We then investigate the driving
threshold to achieve rifling by measuring the Rabi decay
rate of a probed qubit for different probe field amplitudes.
Finally, using tomographic reconstruction of the qubit’s
state, we demonstrate read out multiplexing of two qubits
coupled to the same measurement apparatus: quantum
rifling is used to suppress the measurement back-action
on one of the qubits on demand, while still extracting full
information about the state of another qubit.
We use a typical circuit quantum electrodynamics sys-
tem comprising of two superconducting transmon qubits22
coupled dispersively to a microwave resonator.3 The
driven stationary microwave mode passing through the
resonator acts as our measurement probe: its interaction
with the qubit leads to a dispersive shift of the resonator
frequency depending on the state of the qubit. Rifling of
the qubit state is achieved by applying a resonant Rabi
drive to a charge line coupled directly to the qubit. For
weak Rabi driving the resonator transmission measure-
ment returns two peaks weighted by the corresponding
populations of the ground and excited states of the qubit
(see Figure 1c). When the driving strength reaches a
threshold, the transmission spectrum yields a single peak
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Figure 1. Principle of quantum rifling explained via a Stern-Gerlach setup. a, Quantum measurement of the spin of
a qubit initially prepared in a superposition state. The magnetic field measures the qubit’s spin by deflecting its flight path in a
direction depending on the measured spin orientation. b, Quantum measurement during rifling of the qubit; when the qubit is
stronlgy driven during measurement the magnetic field can not discriminate between spin states and the qubit’s flight path is
undisturbed. c, Detection mechanism of the qubit state in our experiment; in the circuit-QED setup, the detector experiences
a qubit state-dependent shift in its resonance frequency by ±χ relative to its bare frequency ωr in the rotating frame. Thus
after averaging the results of experiment (a) one would observe the red and blue transmission curves on the detector. During
quantum rifling, when the qubit’s state is driven resonantly with its transition energy, the detector’s resonance shifts to ωr, and
one would observe the dashed transmission curve following the averaging of the experiment presented in (b).
in the middle analogous to a straight line for a spin in
the Stern-Gerlach apparatus.
Figure 2a shows the transmission spectroscopy of the
resonator when Qubit 1 is continuously driven on reso-
nance. The resonator probe amplitude is adjusted to yield
a mean photon number of 〈nphoton〉 ≈ 0.13. By changing
the power of the qubit drive we are able to identify differ-
ent characteristic regimes of the measurement. For very
low drive power the qubit remains in its ground state and
only a single transmission peak is visible at ωr+χ. As the
Rabi drive becomes sufficient to excite the qubit, a second
peak appears at ωr − χ in the cavity spectrum. The two
peaks reach equal height when the qubit is saturated by
the drive and the populations of the qubit in its ground
and excited state becomes equal.
When ΩR increases further the two cavity peaks split,
and the outer diverging peaks vanish with increasing drive.
The inner peaks converge to form a single peak at the
average frequency ωr, which we identify as the onset of
the quantum rifling regime. When the Rabi drive becomes
comparable to the anharmonicity of the transmon, the
central cavity peak splits again as we populate higher
levels, setting an upper bound on the drive for rifling (see
Supplementary information Sec. II.).
The system can be described by the Jaynes-Cummings
Hamiltonian transformed into a doubly rotating frame at
both the qubit and probe drive frequencies ωq, ωp respec-
tively:
H/~ = δωra†a+ χa†aσz +
1
2
d(a
† + a) +
1
2
ΩRσx, (1)
where δωr = ωr − ωp, a† and a are creation and annihi-
lation operators of resonator excitation modes, σx/z are
Pauli matrices acting on the qubit, d is the probe ampli-
tude, and we assume resonant driving with the qubit’s
ground to excited state transition frequency, ωq = ωge.
Taking into account decoherence and losses for such a
system,23 the full time-evolution is described by the mas-
ter equation
ρ˙ = − i
~
[H,ρ] + κD[a]ρ+ γ↓D[σ−]ρ+ 1
2
γϕD[σz]ρ, (2)
where D[o]ρ = oρo†− 12 (o†oρ+ρo†o) , κ/(2pi) = 0.95 MHz
is the cavity decay rate and 1/γ↓, 1/γϕ are the qubit
relaxation and pure dephasing times, respectively.
We compute both numerically24 and analytically the
steady-state of the resonator probe amplitude 〈a〉 by solv-
ing Eq. (2) (as well as its extension to a three level trans-
mon) in the low photon number limit 〈nphoton〉 ≈ 0, plot-
ting the result in Figure 2b-c. The additional splitting of
the central resonance peak around 100 MHz, where the
Rabi drive frequency is comparable to the qubit anhar-
monicity, is well accounted for by the multi-level model.
When truncated to the single cavity photon subspace,
the diagonalization of the Hamiltonian (1) for d = 0
leads to four eigenstates in the dressed-state picture,25,26
each a superposition of both atom and resonator states.
The unnormalized expressions are:
|0±〉 ∼ |g, 0〉 ± |e, 0〉 ,
|1±〉 ∼ 2χ±
√
4χ2 + Ω2R
ΩR
|g, 1〉+ |e, 1〉 , (3)
where |g, e〉 are the ground- and excited states of the
qubit and |n〉 are resonator states with n photons. The
corresponding eigenenergies in the rotating frame at
δωr = 0 can be found as E0± = ± 12~ΩR and E1± =
± 12~
√
4χ2 + Ω2R.
The four cavity transmission peaks correspond to the
four transitions between eigenstates with differing pho-
ton parity (see Figure 2b dashed lines). In the limit of
ΩR  κ, E0− ≈ E0+ yielding two degenerate transitions
at frequencies ωr±χ. The splitting of the peaks is propor-
tional to ΩR, which becomes visible when their splitting
3a
b
|0−〉 → |1+〉|0−〉 → |1−〉|0+〉 → |1+〉|0+〉 → |1−〉
|0−〉 → |1+〉|0−〉 → |1−〉|0+〉 → |1+〉|0+〉 → |1−〉
|0−〉 → |1+〉|0−〉 → |1−〉|0+〉 → |1+〉|0+〉 → |1−〉
|0−〉 → |1+〉|0−〉 → |1−〉|0+〉 → |1+〉|0+〉 → |1−〉
c
Figure 2. Resonator spectroscopy vs Rabi drive
strength. a, Continuous wave spectroscopy measurement
of the resonator transmission vs resonant Rabi drive strength.
The symbols below the plot show the qubit drive strength at
which linecuts are shown in (c). b, Steady-state numerical sim-
ulation of Eq.(2) extended to the three-level transmon model
for the observable |a〉 plotted as a function of δωr/2pi and
ΩR/2pi, assuming a steady-state drive and using experimental
parameters quoted in the main text. Dashed lines show the
transitions in frequency between the |0±〉 and |1±〉 states.The
arrows under the plot show the frequencies for the line cuts
in (c). c, Comparison of experimental data and numerical
simulations presented in (a-b) using line cuts, as well as the
analytical solution for a two-level qubit at three values of the
Rabi drive strength. All data have been normalized such that
the maximum value is 1.
exceeds the linewidth ΩR/2pi > κ/2pi ' 1 MHz. In the
opposite limit of strong driving ΩR  χ, thus E0 ≈ E1.
The matrix elements corresponding to the outer transi-
tions at E0∓ → E1± vanish for large ΩR, making the
outer peaks disappear. The inner transitions E0± → E1±
converge in energy, merging into the central cavity peak
once their separation is too small to still resolve two peaks
|E1−E0|/~ < κ, leading to the condition for the quantum
rifling regime ΩR > ΩC = χ2/κ ≈ 2pi × 16 MHz. The
emergence of a single peak can also be understood by
observing that in the strong driving limit the dressed
eigenstates are equal superposition of qubit ground and
excited states, leading to a vanishing dispersive shift of
the cavity and inability to obtain any information about
the qubit. For larger cavity probe powers, the evolution
of the transmission peaks remains qualitatively the same,
with less pronounced side peaks and the critical drive
amplitude ΩC shifting to higher drive frequencies (see
Supplementary information Sec III. for details).
We have also verified that the effect of two resonator
transmission peaks merging into one can also be induced
by fast incoherent qubit dynamics (see Supplementary
information Sec. IV.). As for a qubit interacting with a
heat bath at different temperatures such that 〈σz〉 6= 0 in
the steady state, simulations show that the position in
frequency of the central peak shifts proportionally to the
asymmetry in population between the ground and excited
state (see Supplementary information Sec. II. B1).
The decay rates of Rabi oscillations with and without
the simultaneous presence of a resonator probe tone are
presented in Figure 3, varying the Rabi frequency for each
specific probe power.
For a weak Rabi drive ΩR  ΩC , there is a clear degra-
dation of the Rabi coherence time TR = Γ−1R caused by
the measurement: the probe extracts information from
the qubit leading to its dephasing. For strong Rabi drive
ΩR  ΩC , the qubit coherence times are comparable to
the standard Rabi decay time measured without applying
a cavity pulse simultaneously with the Rabi drive. Driving
the cavity with more photons leads to a stronger suppres-
sion of the coherence time for small Rabi frequencies,
consistent with the measurement rate being proportional
to the cavity’s photon number population. The threshold
Rabi drive frequency ΩC at which TR converges to the
standard Rabi coherence time of the qubit is, however,
independent of the cavity tone strength for low photon
population (〈nphoton〉  1). This is in agreement with
the observed threshold drive required for the emergence
of a single cavity peak in continuous wave spectroscopy
(see Figure 2 and Supplementary information Sec. III.).
We also numerically simulate such rifled Rabi oscilla-
tions for Qubit 1 in the time domain and plot their decay
rate in Figure 3b. Note that only a single fit parameter
was used to scale the curve with lowest drive strength.
As shown above, strong Rabi driving of a qubit leads
to the emergence of a single resonator transmission peak
independent of the qubit state. This peak can then ex-
perience state-dependent dispersive shifts due to other
4Rabi frequency (MHz)ΩR/2pi
t = 0
W
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Figure 3. Rabi decay rates as a function of the Rabi
frequency ΩR for different measurement strengths. a,
Pulse protocol for a rifled Rabi measurement. The probe
cavity pulse starts 10 ns after the qubit drive and stops 15 ns
before the end of the qubit drive. The actual cavity pulse uesd
to determine the qubit state starts 5 ns after the qubit drive
ends. b, Measured and simulated rifled Rabi and standard
Rabi decay rates. For a fixed probe power, the Rabi decay
rate is measured for increasing Rabi drive strengths following
the protocol presented in (a). The average number of photons
in the resonator shown for different measurements is measured
independently via the ac-Stark shit. For the simulations, the
average number of photons is extracted by normalizing to the
fitted curve for the lowest measurement strength, which is
assumed to match the measurement.
qubits coupled to the same resonator. Hence rifling allows
measurements on other qubits, while keeping the rifled
qubit in superposition.
To demonstrate this multiplexing capability, we perform
a two-qubit algorithm with Qubit 1 and 2 coupled to the
same readout resonator (see Figure 4). First we prepare
a full superposition of the four basis states by applying
a Rpi/2y rotation to both qubits. We then rifle Qubit 1
for 1142 ns, while performing tomography on Qubit 2,
followed by tomography on Qubit 1. We measure the
density matrix of Qubit 1 in full superposition with 92.8%
fidelity (corrected for qubit decoherence) confirming the
qubit remained in superposition following the first read
out (Figure 4a). Conversely, omitting the rifling pulse
(Figure 4b) leads to vanishing non-diagonal terms in the
density matrix and therefore to the collapse of coherence
of Qubit 1, induced by the read out of Qubit 2.
It is worth noting that following the initial Rpi/2y pulse,
Riing
a
b
Q 1
Q 2
Q 1
Q 2
1
0
|ρnm|
Figure 4. Sequential measurement of two qubits cou-
pled to the same resonator with and without rifling.
a, Applied gate protocol to Qubit 1 and 2 and measured single
qubit density matrices. First, both qubits are brought to full
superposition by applying a Rpi/2y rotation. In the next step,
Qubit 1 is rifled by applying a strong coherent Rabi drive for
1142 ns, while Qubit 2 is read out by applying tomography
pulses followed by cavity read out pulse. The read out pulse
ends before the Rabi drive pulse on Qubit 1. Lastly, Qubit 2
is read out.b, Same as in (a), except that Qubit 1 is left idle
for 1142 ns instead of rifling.
the qubit can be rotated around two different axes of
the Bloch sphere: either around the x-axis, inducing full
rotations around the Bloch sphere, or around the y-axis,
effectively spin-locking the qubit.27 We report that in
both cases the coherence is preserved (see Supplementary
information Sec. V.). We also performed rifling of Qubit
2 while extracting information from Qubit 1 with similar
results (see Supplementary information Sec. VI.).
Other protocols, such as stroboscopic28 or engineered
longitudinal coupling,29 have been devised previously to
suppress measurement back-action on qubits. Contrary
to quantum rifling, however, these methods require addi-
tional time-dependent pump drives beyond the Rabi drive
and thus offer a less practical implementation. Interest-
ingly, the merging of the two cavity peaks to a single peak
with increasing qubit modulation is reminiscent of mo-
tional averaging of a linewidth of a molecule.30 In analogy,
one could view our experiment as motional narrowing of
the resonator, where the qubit acts as noisy environment
shifting the resonator’s resonance frequency. Likewise,
the absence of measurement dephasing for a fast rotating
qubit bears similarities with well-known dynamical decou-
pling schemes,31 where noise during successive periods of
free evolution interferes destructively at specific moments
in time. In contrast, quantum rifling allows controlled
decoupling of individual qubits from their measurement
apparatus for all times during rifling.
5In conclusion, our results reveal an intuitive picture for
the regime of a strongly driven, continuously measured
qubit, where the Rabi frequency exceeds both the mea-
surement rate and the meter bandwidth. In this regime,
the resonator photons are not able to extract information
about the qubit’s state, leading to the measurement re-
vealing only the time-averaged population of the qubit
and importantly imposing no back-action onto the qubit.
We have also demonstrated that a strong Rabi drive can
be utilized as a useful experimental knob to turn the
measurement back-action between a qubit and its probe
on and off, without affecting the ability to measure other
qubits probed simultaneously by the same field. This
capability allows for many qubits to be connected to an
individual detector, thus facilitating scalability in archi-
tectures where connecting individual detectors to every
qubit might be technically challenging.32
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METHODS
The sample consists of four 2D transmon qubits pair-
wise coupled to four superconducting co-planar waveguide
in a circuit-QED arrangement. Only two qubits and one
resonator were used for the experiment. The sample sub-
strate is sapphire and the junctions were fabricated using
a double-angle aluminum shadow evaporation technique.
Qubit 1 has maximum ground to excited state transition
frequency of νmaxge = 5.53 GHz and the relaxation times
T1 = 5.1 µs T
Ramsey
2 = 5.91 µs. For Qubit 2, ν
max
ge = 6.44
GHz and relaxation times T1 = 1.87 µs T
Ramsey
2 =3.39 µs.
Both qubits are operated at their maximum transition
frequencies.
Measurement fidelities were calculated using the equa-
tion F = [Tr(
√√
ρρexp
√
ρ)]2.
The description of the electronics used for signal gener-
ation and detection can be found in the Supplementary
information Sec I.
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I. ELECTRONIC MEASUREMENT SETUP
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Figure S1. Schematics of the electronic measurement setup. For details of each individual component refer to the
Supplementary text.
The measurements were performed at the University of Queensland, in an Oxford Cryogenics dilution refrigerator(DR)
with base temperature of 20 mK. Schematics of the room and cold temperature electronics are shown in Fig. S1.
The cavity probe tones were applied by combining the signals from a Rohde & Schwarz SMB-100 and an Agilent
E8257D microwave generator via a Mini-Circuits ZX 10-2-98-S+ splitter, which is then sent via an attenuated line in
the dilution fridge to the cavity. The qubit drive pulses (for both qubits) are generated mixing the continuous signal
from a Rohde & Schwarz SMB-100 microwave generator with pulses generated via a Tektronix AWG5014C AWG,
mixed using a Marki IQ-0307 MXP mixer. The combined signal is attenuated inside the DR. The output of the cavity
is filtered through a Mini-Circuits VBF-78500+ bandpass filter followed by a Raditek RADC 4-8 Cryo circulator,
then a Mini-Circuits VLFX-1050 10 GHz low pass filter and another three Raditek RADC 4-8 Cryo circulators. This
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2output signal is then amplified at the 4K stage using a CMT CIT CRYO 4-12A HEMT cryogenic low noise amplifier.
At room temperature, the output is split using a Mini-Circuits ZX 10-2-98-S+ splitter, such that both cavity input
sources have their own down conversion source. Both branches are then down converted to 25 MHz by mixing the
signal with a continuous tone from a Rohde & Schwarz SGS 100-A microwave source using Mini-Circuits ZMX-10
G+ mixers. The down converted signal is then filtered by Mini-Circuits SLP-150+ low pass filters and amplified
by Mini-Circuits ZFL-500LN+ amplifiers. Finally the two channels from the cavity are digitized by a M4i.4450-x8
digitizer and read by a Xilinx Virtex 4 FPGA FPGA card, digitally down converted and both quadratures are recorded.
For continuous wave steady state experiments, the same setup was used but with the mixers and AWG’s omitted,
leaving the microwave source connected to the qubit drive line. The setup generating the incoherent noise on the qubit
is detailed in sectionIV of this Supplementary.
3II. THEORETICAL CALCULATIONS
A. Multi-level model for transmon
For increased accuracy, and to accurately predict the behavior of the system at very high Rabi powers, we model
the transmon qubit as a multi-level system. Only the qubit parts of the master equation will change compared to
equations in the main text. For the qubit Hamiltonian we then write
Hq =
∑
ωkσk,k (S1)
where we defined the qubit operators σk,l = |k〉 〈l| with the qubit eigenstates |k〉 and the qubit eigenenergies ωk. We
additionally assume that ωk = kωq −
∑k
n=1 nαq, which is a common approximation for a weakly anharmonic qubit
like the transmon.
The dispersive coupling term changes to
Hdisp =
∑
k
(χk − χk−1)σk,ka†a , (S2)
with the dispersive shifts χk =
g2k
ωr−ωk+1,k , where gk ≈
√
k + 1g0 is the coupling strength between the qubit’s
|k〉 ↔ |k + 1〉 transition and the resonator and ωk+1,k = ωk+1 − ωk ≈ ωq − kαq is the energy splitting of that qubit
transition.
The qubit dissipative contributions to the master equation change to
Lqρ =
∑
k
γk,↓D[σk,k+1]ρ+
∑
k
γk,↑D[σk+1,k]ρ+ 1
2
γϕD[
∑
k
σk,k]ρ (S3)
where, under the assumption of weak anharmonicity of the qubit, we again approximate γk ≈ kγ.
B. Analytical solutions for the two-level model
Calculating the equation of motion for the system observables obeying Eq. 3 of the main text, we find the coupled
system of equations
∂t 〈a〉 =− i
(
δωr 〈a〉+ 1
2
d + χ 〈σza〉
)
− κ
2
〈a〉 (S4)
∂t
〈
a†a
〉
=i
d
2
(〈a〉 − 〈a†〉)− κ 〈a†a〉 (S5)
∂t 〈σz〉 =iΩR(〈σ+〉 − 〈σ−〉) + γ↓ − γ↑ − (γ↓ + γ↑) 〈σz〉 (S6)
∂t 〈σ−〉 =− i
(
δωq 〈σ−〉 − 2χ
〈
a†aσ−
〉
+
1
2
Ωr 〈σz〉
)
− γ2 〈σ−〉 (S7)
∂t 〈σza〉 =− i
(
δωr 〈σza〉+ d
2
〈σz〉+ χ 〈a〉 − ΩR(〈σ+a〉 − 〈σ−a〉)
)
− (γ↑ − γ↓) 〈a〉 − (γ↓ + γ↑ + κ
2
) 〈σza〉 (S8)
∂t 〈σ−a〉 =− i
(
δωr 〈σ−a〉 − χ 〈σ−a〉 − 2χ
〈
σ−a†aa
〉
+
d
2
〈σ−〉+ δωq 〈σ−a〉+ ΩR
2
〈σza〉
)
− (γ2 + κ
2
) 〈σ−a〉 (S9)
∂t 〈σ+a〉 =− i
(
δωr 〈σ+a〉+ χ 〈σ+a〉+ 2χ
〈
σ+a
†aa
〉
+
d
2
〈σ+〉 − δωq 〈σ+a〉 − ΩR
2
〈σza〉
)
− (γ2 + κ
2
) 〈σ−a〉 (S10)
which we can solve for their steady-states, i.e. for ∂t 〈oˆ〉 = 0. Here we have defined the total dephasing rate of the
qubit γ2 = γϕ + 12 (γ↓ + γ↑).
The above set of equations is incomplete, and does in fact not close due to the unbounded nature of the harmonic
oscillator operators. In the following we will assume factorization conditions for two different cases which allow for an
analytic solution.
41. Analytic solution for incoherent driving, ΩR = 0, infinite temperature
For no Rabi-drive, ΩR = 0, the nuber of relevant equations reduces significantly and we can find the solutions for
the steady-state
〈σz〉 =γ↓ − γ↑
γ↓ + γ↑
, 〈σza〉 =
(χ− i(γ↓ − γ↑)) 〈a〉+ 12D〈σz〉
δωr − iγΣ
〈a〉 =− 1
2
d
(
1− i χ(γ↓−γ↑)(γ↓+γ↑)(γΣ+iδωr)
)
δωr − i
(
κ
2 +
χ(χ+i(γ↓−γ↑))
γΣ+iδωr
) , (S11)
where γΣ = κ2 + γ↓ + γ↑. In the special case of infinite temperature in the qubit bath, γ↑ = γ↓ = γ, this further reduces
to
〈σz〉∞ =0 , 〈σza〉∞ =
χ
δωr − iγΣ 〈a〉
〈a〉∞ =−
1
2
d
δωr +
χ2δωr
δω2r+γ
2
Σ
− i
(
κ
2 − χ
2γΣ
δω2r+γ
2
Σ
) . (S12)
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Figure S2. Analytical solution of the normalized steady-state resonator amplitude for the incoherent driving case, for the
situations of (left) infinite temperature, γ↑ = γ↓ = γ, (middle) high temperature such that γ↑ = 12γ↓ =
1
2
γ and (right) negative
temperature γ↓ = 12γ↑ =
1
2
γ. x-axis has the rate γ, all other parameters as in Fig 2 of the main text.
2. Analytical solution for arbitrary ΩR 6= 0, weak resonator drive
To make the system of equations tractable, we will employ a truncation at correlation functions of at most second
order, taking the approximation
〈
σ−a†a
〉 ≈ 〈a†a〉 〈σ−〉 and 〈σ−a†aa〉 ≈ 〈a†a〉 〈σ−a〉. Further we will assume that the
resonator drive is weak, so that we can set
〈
a†a
〉
= 0. Together these approximations lead to a linear and closed set of
equations, which are amenable to an analytical solution.
5We then find the steady-state expressions
〈σz〉 =
(γ↓ − γ↑)(γ22 + δω2q )
(γ↓ + γ↑)(γ22 + Ω
2
R) + 2γ2Ω
2
R
(S13)
〈σ−〉 =− i
2
(γ↓ − γ↑)(γ2 − iδωq)ΩR
(γ↓ + γ↑)(γ22 + Ω
2
R) + 2γ2Ω
2
R
(S14)
〈σ−a〉 =− 1
2
d〈σ−〉+ Ωr〈σza〉
(δωr + δωq − χ)− i
(
γ2 +
κ
2
) (S15)
〈σ+a〉 =− 1
2
d〈σ−〉 − Ωr〈σza〉
(δωr − δωq + χ)− i
(
γ2 +
κ
2
) (S16)
〈σza〉 =
ΩR(〈σ+a〉+ 〈σ−a〉)− (χ− i(γ↑ − γ↓)) 〈a〉 − d2 〈σz〉
δωr − i
(
γ↓ + γ↑ + κ2
) (S17)
〈a〉 =− 1
2
d + 2χ〈σza〉
δωr − iκ2
, (S18)
from which one can find the full solutions for theses correlation functions in steady-state. The solution to (S18) is used
for the analytical linecuts in Fig.2 of the main paper. We do not provide the full expression here as it is somewhat
cumbersome. As an illustrative limiting case, we may consider the infinite coherence case for the qubit γ↓, γ↑, γϕ → 0,
which leads to
〈a〉 =− d
2
δωr − χ2
δωr − i2κ− iΩ2R
(
1
2i(δωr−χ)+κ +
1
2i(δωr+χ)+κ
) − i
2
κ
−1 , (S19)
which already reproduces all the features seen in Fig. 2a apart from the different visibility of the upper and lower
lobes at low Rabi power (which stems from the thermal population of the qubit states under weak driving) and the
additional splitting of the central peak at very high Rabi drive powers, induced by higher level excitations of the
transmon.
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Figure S3. Analytical solution of the normalized steady-state resonator amplitude for the coherent drive case in the two-level
qubit model. All parameters as in Fig.2 of the main text.
C. Numerical calculations
Some additional numerical simulations were performed using the python QuTiP library. The process to simulate the
behaviour of the system is as follows. We first define an initial quantum state composed of a single qubit coupled to a
resonator. We restrict the Hilbert space of the resonator to the first 30 levels. We also define sources of qubit (Γ1) and
6cavity (κ) decay and qubit decoherence Γ2 using the values presented in the main text for Qubit 1. These sources,
characterized by some parameter Γi are taken into account by collapse operators Ci =
√
ΓiAi, where A1 is a operator
related to Γi that serves as a Lindbladian term in the master equation, as specified in the QuTIP documentation.
1. Simulation of Rabi oscillations
In order to simulate the time-dependent behaviour of the system, we take into account the Hamiltonian with two
different drives (Eq. 2 of main text) and calculate the time evolution of the system with the function qutip.mesolve,
obtaining the expectation value for the excited state population operator |e〉〈e| for a time up to 8000 ns. We perform
this simulations for different values of the Rabi frequency ΩR. In order to recreate the number of photons from the
experiment, we calculate as well 〈aˆ†aˆ〉 with no qubit pulse (ΩR = 0), and use the appropriate values for d. Then, we fit
the resulting Rabi oscillations to Eq. S20. Simulation was done for κ/2pi = 0.00095, Γ1 = 0.000195 and χ/2pi = 0.0041.
Pe(t) = Ae
−ΓRt cos(ΩRt+ φ0) +B (S20)
where Pe is the excited state population, A is the amplitude of the oscillation, ΩR is the Rabi frequency, φ0 is a
time-independent initial phase of the oscillation, and B is a time-independent offset. The results of these fits for the
decay rate Γ can be seen in Figure 3b in the main text for different number of photons.
7III. TWIN PEAKS VS RABI COHERENCE TIMES PLOTS
In this section we present continuous-wave spectroscopy measurement of the resonator with simultaneous qubit
driving, and compare the results with Rabi decay rate measurements with simultaneous cavity driving. We present
four such data sets each measured with different steady-state average photon population in the resonator.
Although the electronic setup is different for continuous-wave and time-domain measurements, we have converted
the power applied from the qubit source to Rabi frequency seen by the qubit, by fitting the solutions of the dressed
eigenstates (dashed line overlay in Figure 2b of the main text) on to the measured cavity peaks. We present each
panel S4(a-d) such that the applied qubit power corresponds to the Rabi frequency in each panel below.
The aim is to reveal the correlation between the closing of the cavity peaks, and thus the effective coupling χ, with
the decrease in the Rabi decay rate ΓR.
Panels S4a,e-h is the same data also presented in the main text.
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Figure S4. Comparing quantum rifling of Qubit 1 for different measurement powers. a-d,Resonator spectroscopy
of Qubit 1 vs Rabi drive frequency for different resonator powers, as labelled above each panel. e-h, Rabi decay rate vs Rabi
drive frequency of Qubit 1 for varying resonator drive strengths. The resonator is driven during the Rabi drive, with the same
protocol as shown in Fig. 2a of the main text. The average photon number in the resonator during the first cavity pulse is
shown above each panel. The second cavity pulse used for read out is kept fixed to 6.8 photons in the cavity. Data in panels (a)
and (e)-(h) are also presented in the main text.
8IV. RESONATOR SPECTROSCOPY WITH INCOHERENT QUBIT DRIVE
In this section we show measurements of the resonator spectroscopy where an incoherent drive on the qubit is
present. The incoherent drive emulates a qubit environment in which the qubit’s relaxation rates Γ↑ = Γ↓ = Γ↑↓/2,
and thus Γ1 depends on Γ↑↓ ∝ SV 2(ωq), and is proportional to the incoherent drive power and can be experimentally
controlled. We achieve such a drive by mixing white noise centered at zero frequency with a high frequency local
oscillator, as shown in Fig. S5a. The measurement results are presented in Fig. S5b. This is to be compared with Fig.
S5c, where we plot the analytical solution to Eq. 3 of the main text, the Hamiltonian of a qubit coupled to an infinite
temperature bath with Γ↑ = Γ↓.
The measurement was done when Qubit 2 was detuned from its symmetry point to a frequency νge = 6.34 GHz.
Simulation was done for the same parameters as in Section II C, except for χ/2pi = 0.003. The system was solved for
Eq. 3 of the main text, with no Rabi drive but including a variable decay rate Γ↑↓.
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Figure S5. Resonator transmission spectroscopy vs longitudinal qubit relaxation rate. a, Room temperature
electronics setup used to apply arbitrary stochastic noise to the qubit. The three inset graphs show the particular engineered
microwave spectrum for different sections of the setup. b, Transmission spectroscopy measurement of the resonator vs resonator
detuning and qubit relaxation rate. c, Numerical solution of the master equation using the Hamiltonian specified in Eq.3 of
main text for ΩR = 0 vs ωr and Γ↑↓.
9V. RAMSEY COHERENCE TIMES FOR DIFFERENT RIFLING ANGLES
Qubit drive
Cavity probe
t = 0 t = 1.147 µs
1.142 µs
550 ns
Rifling
about X/Y
a
b
Figure S6. Ramsey-type of experiment while rifling the qubit around different axes. a, Protocol of the Ramsey-type
experiment. b, Averaged result of the measurement described in (a) as a function of the phase θ of the second gaussian pulse.
In this section we present measurements where we rifle Qubit 2 around two different axes. Following a Rpi/2x pulse,
the qubit can be effectively driven around two distinct axes: if the Rabi drive is in phase (around the x-axis), the
qubit’s state will rotate around the Bloch sphere alternating between states |0〉 and |1〉. If, however, the Rabi drive is
out of phase with the first pulse (i.e. we rotate about the y-axis), the qubit’s state will stay spin-locked around the
(|0〉+ i|1〉)/√2 state.
The protocol is shown in Figure S6a. It resembles a Ramsey experiment, however instead of varying the time
between two Rpi/2 pulses as for standard Ramsey measurement, we vary the phase θ of the second Rpi/2 pulse relative
to the first. In between the Rpi/2 pulses, the qubit is Rabi driven either around the x-axis (in-phase with the first Rpi/2x
pulse) or the y-axis (out of phase).
Results of the two different rifling axes and of the measurement without rifling are shown in Figure S6b. Without
the rifling pulse, the cavity probe pulse suppresses the superposition of the qubit and no oscillations is seen as a
function of the second pulse phase. However, superposition is maintained if the qubit is rifled, independent of the
rifling axis. The amplitude variation in the measurement is greater when the qubit is spin-locked. This is probably
because we did not take particular care to fine tune the rifling time between the pi/2 pulses. This does not affect the
experiment when the qubit is spin-locked, but when the rifling pulse is in-phase with the first pulse, the qubit’s state
may be driven further from the Bloch sphere’s x-y plane, thus decreasing the visibility of the final measurement.
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VI. TOMOGRAPHY DATA - TWO-QUBIT DENSITY OPERATOR MEASUREMENT
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Figure S7. Comparing tomography measurements of two qubits coupled to the same resonator with and without
rifling. a - d, Pulse protocol of each experiment. The last pulse on each qubit is either of the R0,pi/2,pix,y tomography pulses.
e-f, Two qubit joint density matrices measured following each protocol depicted in (a)-(d). All matrices are extracted from
integrating the measurement pulse after the tomography pulses. The fidelity values referenced are calculated by comparing to
the ideal state assuming an excited state decay for both qubits for 1142 ns.
In this section we present the results of tomography measurements of both Qubit 1 and Qubit 2 coupled to the same
resonator. The setup was tuned to the same settings as those described for Figure 4 in the main text; as opposed to
the single qubit density matrices in the main text, here we present joint density matrix measurements.
The duration of the experiments, defined as the elapsed time between the first Rpi/2y pulses used for preparation and
the tomography pulses, is fixed to 1142 ns for all experiments.
In the first experiment (Fig. S7a, e) we evaluate the joint state of both qubits in superposition, followed by a decay
during the time of the experiment. In the second experiment (Fig. S7b, f) we evaluate the effect of a 500 ns cavity
pulse (with power corresponding to approximately 6.8 photons in the cavity, same as the second cavity pulse but
shorter). As expected, the non-diagonal elements of the joint density matrix are negligible and we recover a fully
classical state. In the third and fourth experiments (Fig. S7c-d, g-h) we rifle Qubit 1 and Qubit 2 respectively while
leaving the other qubit idle. The rifling pulses are 1132 ns in duration and correspond in amplitude to a Rabi frequency
of 30 MHz, and are applied out of phase with the first Rpi/2y pulse such that the rifled qubit’s state is spin locked (see
section V of this supplementary). For both cases we recover a joint density matrix corresponding to the rifled qubit in
a superposition state while the other qubit’s superposition has collapsed.
These measurements demonstrate that while a cavity pulse for read out destroys superposition, this can be preserved
by rifling the appropriate qubit.
